Two 1-L porous pot (65 µ stainless steel mesh) reactors were fed synthetic wastewater with a COD of 200 mg/L including 2 mg/L linear alkyl benzene sulfonate (LAS) to evaluate the influence of specific operating conditions (i.e, hydraulic retention time, HRT, and solids retention time, SRT) on the measured rate of LAS biodegradation. The reactors were operated in parallel under a constant SRT of 10 d, and HRTs of 2, 4, 6, and 12 h. Subsequently, the reactors were operated under a constant HRT of 6 h, and SRTs of 3, 6, 10, and 15 d. The biodegradation responses of LAS were measured using a respirometric method, and the extant kinetic parameters were evaluated using the Monod model. The extant kinetic parameters obtained from these experiments suggest that the HRT had little impact on the measured kinetic parameters (μ = 0.14 ± 0.06 h , K S values ranged from 0.11 -0.39 mg COD/L, and yield values ranged from 0.46 -0.50 mg biomass COD formed/mg LAS COD utilized). The week to week variability in measured LAS kinetic parameters was greater with the field samples than with the laboratory samples, possibly due to the non-steady state nature of the treatment plants. The long term variability in the field kinetic parameters was comparable to the laboratory variability. These results confirm the efficacy of the extant respirometric technique to measure biodegradation rates of surfactants in laboratory and field systems operated at a range of HRT and SRT conditions.
INTRODUCTION
Surface active agents (surfactants) are components of widely used household laundry detergents, household cleaners, shampoos, cosmetics, antistatic agents, textile aids, and textile softeners. Linear alkyl benzene sulfonate (LAS) was introduced in 1965 as a biodegradable alternative to non-biodegradable branch-chained alkyl benzene sulfonates (ABS) and since has become the common anionic surfactant in commercial detergent formulations. For example, in 1994, 950 ,000 metric tons of LAS were used in Europe, North America, and Japan alone (Nielsen et al., 1997) . Trehy et al. (1995) reported environmental LAS concentrations in the influent (3.0 -7.7 mg/L) and effluent (0.003 -0.086mg/L) of the activated sludge process from 10 U.S. domestic wastewater treatment plants. Kaiser et al. (1997) reported LAS concentrations in the influent to domestic wastewater treatment plants typically ranges from 1 mg/L to 5 mg/L. LAS consists of a mixture of phenol-substituted alkyl chains (with an average chain length of 11.8) with all homolog chains having a negatively charged, bound sulfonate group. LAS alkyl chain lengths typically range from C 10 to C 14 in the United States and from C 10 to C 13 in Europe . C 12 LAS is a representative homolog that can be used to study LAS biodegradation characteristics. Representative structures for LAS and C 12 LAS are shown in Figure 1 "Chemical structure of linear alkylbenzene sulfonate (LAS) and C 12 LAS." Because of its widespread household use, LAS is commonly present in the influent to municipal activated sludge POTWs and is discharged to natural water bodies at low concentrations. As a result, the fate of LAS in wastewater treatment plants has been the subject recent studies. For instance, Krueger et al. (1998) observed that LAS was readily biodegraded in activated sludge systems and the LAS had a half-life of 1-2 days. Others have reported on the complexity in the measurement of LAS biodegradation intermediates which cause difficulties in biodegradation analysis (Holt et al, 1995; Trehy et al., 1996; Crescenzi et al., 1996; Federle et al, 1997; Mampel et al, 1998; Krueger et al, 1998) . A study by Nielsen et al. (1997) , confirmed that LAS was completely degraded in wastewater treatment plants. Trehy et al. (1996) reported that the removal from four activated sludge systems averaged 99.5% for LAS and 99.1% for LAS intermediates.
Surfactants are complex organic chemicals where hydrophobic and hydrophilic groups are joined together in the same molecule. A study of the fate of LAS in wastewater treatment plants should consider the microbial degradation of surfactants under different microbial growth conditions, since LAS is biodegraded by a consortia of microorganisms (van Ginkel, 1996) . Consequently, the growth conditions of the degrading consortia will determine to a large extent the removal characteristics of LAS and its intermediate degradation products in activated sludge wastewater treatment systems. Operating conditions, such as the SRT, will contribute to the resulting growth kinetics of the degrading microorganisms. Chudoba et al., (1989) suggested that both the maximum volumetric removal rate (q v,max ) and maximum specific removal rate (q max ) of xenobiotic compounds were dependent on the SRT of the mixed culture. van Ginkel (1996) demonstrated the importance of SRT for maintaining sufficient surfactant-degrading microorganisms in wastewater treatment plants. In addition, HRT was found to have an effect, although less dramatic than the effect of the SRT. In a previous study using porous pots to simulate activated sludge, effluent concentrations of LAS were found to be a function of influent concentrations when the HRT was less than 10 h (Kaiser et al., 1997) .
In an effort to determine the fate of LAS in wastewater treatment systems, research has focused on the development of a technique to measure LAS biodegradation kinetics. Federle et al. (1997) determined that primary and complete biodegradation of LAS were best described by a first-order approach with the first-order rate constants of 0.50-0.53h -1
. The kinetics and removal of LAS in municipal activated sludge treatment systems have been previously studied using laboratory continuous-flow activated sludge systems and radiolabelled LAS (Kaiser et al., 1999) . First-order rate constants of LAS removal were determined during this study, but the methods to determine the kinetic constants were labor-intensive and time consuming. Zhang et al. (1999) found that the biodegradation rate of anionic surfactants over a range of concentrations (i.e., suband supra-critical micelle concentrations) followed the Monod kinetics.
The main objective of the present study was to determine the efficacy of the extant respirometric technique to measure the biodegradation kinetic parameters of surfactants in laboratory and field activated sludge. The goal was to be able to use the resulting kinetics to describe, and eventually to predict, the fate of LAS in activated sludge systems. The extant kinetic parameters of LAS were measured over a range of operating conditions at several activated sludge wastewater treatment plants, and in porous pot reactors simulating activated sludge in the laboratory. To evaluate the influence of HRT and SRT, the extant kinetic parameters were measured at HRTs of 2, 4, 6, 12 h and SRTs of 3, 6, 10, 15 d. In addition, activated sludge samples from local wastewater treatment plants were evaluated using the same extant respirometric procedure, and the results were compared with those from the laboratory study.
MATERIALS AND METHODS
Porous pot reactors. The laboratory apparatus consisted of two porous pot reactors with a working volume of 1-L. They were operated in parallel as continuous stirred tank reactors (CSTRs) for a period of one year. The porous pot reactors consisted of a stainless steel mesh with a pore size of 65 ., which provided effective separation of suspended solids eliminating the need for a separate clarifier as shown in Figure 2 "Laboratory porous pot system." Sludge wastage was performed automatically three times per day using a timer or once per day manually to maintain the desired SRT.
Materials. Surfactant LAS used in this study was a mixture of LAS homologs with 96.8% C 12 LAS, dodecyl benzene sulfonate-sodium salt, in liquid form with 51.5% active fraction. For all kinetic measurements, an injection concentration of 2 mg/L as COD was used. 1 mg/L LAS was found to be equivalent to 2.7 mg/L as COD by the standard COD test. The fraction of the biomass involved in the biodegradation of LAS was assumed to be equal to the fraction of energy (COD) supplied to the culture by LAS (Blackburn et al.,1987 and Magbanua et al., 1998) . Consequently, a competent biomass fraction of 2.7% was used for the laboratory experiments. A similar competent biomass fraction (2.9%) was determined for the field experiments.
Phosphate buffer was added to the biomass sample to maintain the pH at approximately 6.80 to 7.0 during the respirometer tests (Ellis and Anselm, 1999) . The composition of the phosphate buffer used in this study consisted of 6.67g/L Na 2 HPO 4 (HO 2 and 3.39g/L KH 2 PO 4 , and approximately 10 mL buffer solution was added per L sample.
Extant Respirometric Tests.
Respirometric tests were used as a surrogate measurement of LAS disappearance in batch kinetic tests as described previously (Ellis et al., 1996a) . In the test, phosphate buffer was added to the biomass sample from the laboratory porous pot reactor or field activated sludge aeration basin. The sample was then placed in a 250 mL sealed respirometric vessel with a constant temperature water jacket (Tudor Glass Co., Belvedere, SC). The dissolved oxygen (DO) concentration was measured by a DO meter (Model 3550, Yellow Springs, CO), and the DO probes were fitted with high sensitive membranes. The temperature was controlled by a water bath at 25 ± 0.1 -C. The initial dissolved oxygen concentration was elevated to approximately 16-18 mg/L using pure oxygen to prevent oxygen from becoming limiting during the entire respirometric response. The biomass was continuously stirred using a magnetic stir bar. When a linear decrease in DO was observed, a low concentration (2 mg/L as COD) injection of LAS was made to the respirometric vessel, resulting in a low initial substrate to biomass concentration ratio (S 0 : X 0 ) ensuring that the test was a measure of the extant kinetics of the biomass (Grady et. al., 1996) . The DO response data was collected continuously at a sampling frequency of 10 Hz through a data acquisition board installed in a personal computer. The resulting data file was averaged to provide a DO measurement every 2 to 4 seconds and normalized to subtract the background endogenous oxygen uptake rate. The biodegradation response was modeled in an Excel™ spreadsheet, and the kinetic parameters were estimated by nonlinear regression using a fourth-order Runge-Kutta approximation of the Monod equation .
Preliminary experiments to ascertain the reliability and reproducibility of the extant technique for measuring surfactant kinetics included experiments to determine the effect of the initial substrate concentration, the effect of the initial DO concentration, and the effect of reinjecting LAS to the same biomass sample. The tests were conducted with biomass from the Boone Water Pollution Control Plant (WPCP), Boone, Iowa. Grab samples of the influent to Boone plant were collected and measured by liquid chromatography/mass spectroscopy (LC/MS) to determine the LAS influent concentration.
To evaluate the validity of using synthetic wastewater for the laboratory studies, a sideby-side comparison of porous pot reactors fed synthetic and raw wastewater was performed. Extant tests were run to determine whether the kinetic parameters in the two reactors were comparable. The raw wastewater was collected from the Boone WPCP and diluted to 200 mg/L as COD. The composition of the synthetic wastewater is shown in Table 1 "Characteristics of synthetic wastewater." Both wastewaters were fed at a concentration of 200 mg COD/L, and 2 mg/L LAS (5.4 mg/L as COD) was added to the synthetic wastewater. It was assumed that the actual wastewater contained a similar amount of LAS (which was confirmed by subsequent analysis). The reactors were operated at room temperature 22 ± 2 -C. To maintain a diverse microbial consortium, 5 ml of mixed liquor from a local municipal wastewater treatment plant was added to the reactors every other day. This addition represented less than 2% of the feed COD to the reactors and less than 2% of the porous pot mixed liquor concentration at all operating conditions.
After it was determined that synthetic wastewater was an acceptable substitute for real wastewater, two porous pot reactors were fed synthetic wastewater to evaluate the influence of HRT and SRT on the biodegradation responses. The reactors were operated in parallel under a constant SRT of 10 d, and HRTs of 2, 4, 6, and 12 h. Subsequently, the reactors were operated under a constant of HRT of 6 h, and SRTs of 3, 6, 10, and 15 d. An additional porous pot operating condition was run at 18 h HRT and 30 d SRT to simulate the operating conditions at the Boone WPCP.
The majority of the field tests were conducted at the Boone WPCP, an extended aeration activated sludge plant with an HRT of approximately 18 h and SRT in the range of 24 -30 d. Additional field tests were conducted at the Iowa City Wastewater Treatment Plant (WWTP), a conventional activated sludge plant with an HRT of approximately 4 -6 h and SRT of approximately 6 d.
RESULTS AND DISCUSSION
LAS concentrations were measured in the influent to the Boone WPCP, and the results indicated a range of LAS concentrations from 1-5 mg/L as shown in Table 2 "Concentration of LAS in the influent to the Boone Water Pollution Control Plant." These findings are similar to the results reported by Kaiser et al., 1997 . From this table it can be seen that C 12 LAS accounted for about 20% of the total LAS concentration. The C 12 homolog was used as the representative test compound for this study. To estimate of the competent fraction of LAS degrading biomass, an average LAS concentration of 2.86 mg/L (7.72 mg COD/L) and influent COD concentration of 265 mg/L were used to calculate a COD fraction of 2.9%. Therefore, since the biomass obtained 2.9% of its energy from LAS, it was assumed that 2.9% of the biomass had the capacity to degrade LAS (Magbanua, et al., 1998) . A competent fraction of 2.9% was used for the field studies. Similarly, the competent fraction of degrading biomass in the porous pot reactors was estimated as 2.7%, since LAS contributed 2.7% of the feed COD.
To evaluate the effect of different initial conditions on the extant respirometric technique, a series of experiments was performed. For instance, different initial DO concentrations were used when measuring the oxygen consumption to evaluate if this had any effect. After many repetitions of LAS biodegradation, 16 mg/L was found to be the lower limit to allow the complete biodegradation of LAS in the laboratory experiment prior to oxygen becoming limiting (at approximately 1 mg/L). The upper DO concentration limit of the DO meter was approximately 20 mg/L, and a range of DO concentrations from 16 to 20 mg/L was used to evaluate the influence of the initial DO on the measured kinetic parameters. The biomass for these experiments was obtained from a porous pot reactor with an HRT of 6 h and a SRT of 15 d, and the results are shown in Table 3 "Influence of the initial DO Concentration on the extant kinetics of LAS." These results suggest that the initial DO concentration in this range did not have an impact on the resulting measured kinetic parameters. Similar results were obtained when comparing the kinetics for LAS by biomass that had received one injection and biomass that had received several repeated injections.
A typical respirometric response of a biomass sample to an injection of LAS in the respirometric procedure is given in Figure 3 "Normalized respirometric response and model fit for an Iowa City WWTP biomass sample to an injection of LAS." The biomass for this experiment was obtained from the Iowa City WWTP and had a mixed liquor volatile solids concentration of 1990 mg/L. The goodness of fit of the Monod model is illustrated by this figure. In addition, the reproducibility of the kinetic parameter estimates was demonstrated by the standard deviations within an experiment. Typically the standard deviations were within 20% of the mean values for most of the measured parameters. One exception to this was the standard deviations for K S which were somewhat higher.
During the comparison of raw and synthetic wastewater in the porous pot reactors operated at a HRT of 12 h and SRT of 8 d, biodegradation kinetics were measured periodically. The results are shown in Table 4 "Extant kinetic parameters from porous pot reactors fed synthetic and actual wastewater." Comparison with the Student t-test indicates that there was no significant difference between the parameters obtained from the two systems at an α=0.05. In a separate experiment, the extant kinetics of the composite synthetic and raw wastewater was measured using the corresponding biomass from the Boone plant. In these experiments, 2 mg COD/L of the total wastewater (i.e., not just one component of the wastewater such as LAS) was injected into the extant respirometer. These results (Table 5 Extant kinetic parameters of synthetic and raw wastewater by Boone biomass") also indicated very similar responses between the two systems with respect to the pseudo-first order rate coefficient, k (where k = q/K S ). As expected for the total wastewater, the K S values were higher than the injection concentration (2 mg/L as COD), and in these instances, separate estimates of q and K S are not possible (Ellis et al., 1996a) due to the correlation between the parameters at these experimental conditions (Robinson, 1985; Robinson and Tiedje,1983) . Sykes (1999) has suggested that the K S value for a multicomponent wastewater is a cumulative function of the individual K S values for the individual substrates, and this would explain a K S value greater than 2 mg/L as COD for these experiments. Consequently, the k value (L/mg(h) was reported. It can also be seen from this data that the composite wastewater samples had significantly higher yield values than LAS alone. This is likely due to incomplete biodegradation of the entire organic fraction of the wastewater injection during the approximately 30 minute time period of the extant test. It is likely that the particulate COD fraction of the synthetic and raw wastewater samples took longer to degrade during the test. In any event, the interesting results from this experiment was the similarity in response by the Boone biomass sample to the synthetic and raw wastewater samples. The similarity in the biodegradation kinetic parameters obtained with the biomass from the two porous pot reactors and by the Boone biomass sample suggests that the synthetic wastewater was a valid alternative to raw wastewater for the subsequent porous pot reactor studies to examine the influence of HRT and SRT on LAS kinetics. , a K S of 0.16 mg COD/L and a Y of 0.65~0.66 mg/mg, at HRTs longer than 6 h. At lower HRTs more variability in the extant kinetic parameters was observed. This could be explained by the fact that at lower HRTs the reactors behaved less like ideal CSTR systems (i.e., there was more opportunity for short circuiting and variations in flow at shorter HRTs). Similar results were observed by Kaiser et al.(1997) where effluent concentration of LAS remained constant and relatively independent of influent concentrations at higher HRTs, but varied at lower HRTs.
Effect of HRT and SRT on LAS biodegradation. Experiments to test the influence of a range of HRTs (2 h, 4 h, 6 h and
The effect of SRT on the biodegradation of LAS is shown in Figure 5 . These results also suggest that SRT did not have a dramatic effect on the measured biodegradation kinetics of LAS. The yield increased slightly with increased SRT at low SRT conditions, but stayed constant at longer SRTs. There appeared to be a slight decrease in μ , q, and K S at long SRT conditions, suggesting a low velocity, high affinity enzyme system at these conditions. The evidence for this, however, was not strong. In pure culture studies, Sokol (1987, 88a, 88b, 92 ) observed a much more pronounced decrease in μ values for cultures grown at increasing long SRTs.
The results of these experiments indicate that operating conditions have some impact on the complete biodegradation of LAS. But when the HRT is long enough, the effect of HRT can be ignored. Compared with HRT, SRT has more impact on the biodegradation of LAS. The biodegradation rate for LAS will slightly decrease when the SRT is long enough. To further evaluate the capability of the respirometer technique to obtain comparable kinetics of LAS from the lab and the field, one porous pot reactor was run to simulate the operating conditions of the Boone WPCP under a HRT of 18 h and a SRT of 30 d. Table 7 "Extant kinetics of LAS at the Boone and Iowa City plants and laboratory porous pots simulating field conditions" and provides a comparison of the extant kinetics of LAS measured using laboratory biomass simulating field conditions and biomass from the Boone and Iowa City plants. Student-t tests suggest that there were no significant differences in the values of μ , K S , and Y between the three biomass samples tested at an α = 0.05. These results suggest that the laboratory simulation of the field conditions provided an accurate assessment of the actual kinetic capabilities. This would be important for operating laboratory systems to predict full-scale performance with regard to the impact of operational changes on the biodegradation kinetics of specific organic compounds. The results in Table 7 are also shown in Figure 4 and Figure 5 to compare with the results of the laboratory study concerining the impact of HRT and SRT. The similar ranges of the kinetic values and the similar trends with respect to changes in HRT and SRT give more evidence to support the conclusions obtained in the laboratory study.
During this study, field biomass samples were collected periodically and the extant kinetics of LAS were measured. A competent biomass fraction of 2.9% was used for all the field data analysis. Table 7 and Figure 6 show the variability in the measured μ , q, K S , and Y values for the Boone WPCP. The interesting finding from this data is that the variability of the field data was comparable to the variability seen in laboratory activated sludge systems operated at steady-state over a prolonged period of time (Bielefeldt and Stensel, 1999, and Ellis et al., 1996b) . One might expect that the variability of full-scale systems which have varying influent concentrations, varying flow rates, and fluctuating operating conditions would be considerably greater than laboratory systems intentionally operated at steady-state. These findings raise important questions as to what causes the variability in biodegradation kinetics. Once the kinetic variability is characterized, the resulting changes in biodegradation rates can be accounted for during the design and operation of activated sludge systems.
CONCLUSION
The efficacy of the extant respirometric technique to measure the extant kinetics of LAS biodegradation by field and laboratory biomass was demonstrated in this study. LAS biodegradation kinetics in laboratory porous pot reactors were independent of whether the reactor was fed synthetic or real wastewater. The influence of HRT on the measured biodegradation kinetics was minimal (μ = 0.14 ± 0.06 h -1 , K S = 0.4 ± 0.3 mg COD/L, and Y = 0.67 ± 0.02 mg biomass COD/mg substrate COD) with the possible exception that the biokinetic parameters were more variable at the low HRT conditions (i.e., when HRT < 6 h). The SRT had more noticeable effect on the measured biodegradation kinetics (e.g., Y increased from 0.50 ± 0.08 to 0.66 ± 0.05 mg/mg when the SRT increased from 3 to 10 d at a constant HRT of 6 h).
When the laboratory porous pot reactors were operated to simulate field conditions, similar extant kinetic parameters resulted. In fact, the extant kinetics (μ , K S , and Y) from both field sites, the Boone WPCP and Iowa City WWTP, were not significantly different at the 95% confidence level. These findings suggest that there is not a wide variation in the kinetic response for LAS among different treatment plants. The week to week variability in LAS biodegradation kinetics at the Boone plant was significant. This variability, whether due to the short term changes in operating conditions or gradual changes in the microbial community structure, was not substantially different from what has been seen in laboratory activated sludge systems intentionally operated at steady-state. The usefulness of the extant respirometric technique to rapidly and reproducibly track changes in LAS biodegradation kinetics in activated sludge cultures in the laboratory and the field was demonstrated.
van Ginkel, C. G. (1996) The parameters are as defined in Table 3 . * Reactor 1 was the porous pot reactor fed synthetic wastewater and the injected substrate was synthetic wastewater resulting in a concentration of 2 mg/L as COD. Reactor 2 was fed actual wastewater from the Boone Water Pollution Control Plant and the injected substrate was actual wastewater resulting in a concentration of 2 mg/L as COD. The k value is the pseudo-first order rate coefficient (where k = q/K S ) measured in the extant technique when separate estimates of q and K S are not possible. The biomass used for these tests were obtained from the porous pot reactors at steady-state-conditions under different operating conditions. The parameters are as defined in Table 3 . The parameters are as defined in Table 3 . 
